Variability of groundwater quality parameters is linked to various processes such as weathering, organic matter degradation, aerobic respiration, iron reduction, mineral dissolution and precipitation, cation exchange and mixing of salt water with fresh water. Multivariate statistical analyses such as principal component analysis (PCA) and hierarchical cluster analysis (HCA) were applied to the standardized data set of eleven groundwater quality parameters (i.e. pH, Ca 2þ , Mg found dominant due to contribution from on-site sanitation in septic tanks and soak pits in the city.
INTRODUCTION
Groundwater quality parameters are controlled by many factors such as rainfall, composition of aquifer material, topography, hydrologic fluctuation and climate. These factors interact in a complex way and result in spatial and temporal variation in water quality parameters. Determination of processes affecting groundwater quality in a coastal aquifer is very complex. The variability of the parameters is linked to various biological, physical and chemical processes taking place in the aquifer such as: weathering, organic matter degradation, aerobic respiration, iron reduction, mineral dissolution and precipitation, cation exchange and mixing of salt water with fresh water. Due to simultaneous effects of multiple hydrologic and biogeochemical processes, it becomes difficult to interpret relationships among the water quality parameters and the governing biogeochemical processes from graphical techniques (Guler et al. ) . Multivariate statistical analyses such as principal component analysis (PCA) and hierarchical cluster analysis (HCA) have been used to provide a quantitative measure of relatedness of water quality parameters and to suggest the underlying natural and anthropogenic processes in groundwater aquifers. Recent studies have confirmed the usefulness of multivariate analysis techniques for (i) evaluation and interpretation of groundwater quality data sets (Singh et al. , ) , (ii) providing insight into the processes (Ruiz et Rao et al. ) and (iv) interaction of river water/groundwater and groundwater mixing (Reghunath et al. ) .
In this paper, PCA and HCA were applied to the physicochemical properties of groundwater collected during postmonsoon and summer seasons to elicit dominant processes affecting groundwater quality in the coastal unconfined aquifer of Puri city in India.
MATERIALS AND METHODS

Study area
The study area is a 16 km 2 urban catchment ( Figure 1 ). Two groundwater well fields were located on the eastern and western boundaries of the Puri city for domestic water supply (CDP ). and total dissolved solid (TDS). Other geochemical concentrations (fluoride and phosphate) were found to be too low during the water sampling, and thus were not used for further analyses. While this work is focused on dominant hydrologic and geochemical processes, microbiological water quality data were reported separately in Vijay et al. () . The variables (water quality parameters) were standardized using z-score: z ¼ (y i -ŷ)/s, where 'ŷ' is the average value of a parameter in a data set and 's' is its standard deviation to avoid the problem of difference in scale, i.e., range of values and variances. The PCA and HCA were carried out on the standardized data sets. The software SPSS Statistics 17.0 was used for data standardization, PCA and HCA.
Principal component analysis
The method of principal components is a special case of the more general method of Factor Analysis. The aim of PCA is 
The sum of latent roots of all the principal components is equal to the number of variables in the data set, i.e., Σλi ¼ number of variables. The values of latent roots become smaller for subsequent F i 's because the principal component procedure extracts the maximum possible variance for each previous F's.
The factor, F i , is a linear combination of the original variables given by:
The latent root, λ i , is given by:
In the above expressions, a's are called factor loadings, Z's are the standardized values of the original variable and 'k' is the number of variables. High factor loadings (value of a close to ±1) indicate strong relationship (positive or negative) between the variable and the factor. The factor loadings matrix is rotated using varimax orthogonal rotation to maximize the relationship between the variables and some of the factors. This rotation results in high factor loadings for the variables correlated in the factor and low loadings for the remaining variables. In the PCA, it is required to determine the values of the factor loadings, i.e., the value of a's from the standardized data set.
The suitability of the data set for PCA is tested by Kaiser-Meyer-Olkin (KMO) and Bartlett's tests. KMO is a measure of sampling adequacy. A value of KMO that is >0.5 indicates PCA can be performed. The Bartlett's test of sphericity tests the null hypothesis that the variables in the population correlation matrix are uncorrelated and the correlation matrix is an identity matrix. If the observed significance level is <0.05 then the null hypothesis is rejected. It indicates that there are significant relationships among variables. In this study PCA was carried out on the standardized data sets and sorted by using Eigen values greater than 1.0 as these are considered significant influences towards the hydro-geochemical processes ( 
Hierarchical cluster analysis
HCA is useful to group water quality parameters into clusters so that parameters within a cluster are similar to each other but different from those in other clusters. HCA is an unsupervised pattern recognition technique and uncovers intrinsic structure or underlying pattern in a data set without making a priori assumption about the data in order to classify the parameters into clusters based on their similarities. In HCA, clusters are formed sequentially, starting with the most similar pair of variables and forming higher clusters step by step. The process of cluster formation is repeated until a single cluster containing all the variables are obtained. The result of clustering is a Dendrogram representing the nested grouping of patterns and similarity levels at which groupings change. The dendrogram can be broken at different levels to yield different clusters of the data set. It is most common to calculate the dissimilarity between two patterns using a distance measure. The most popular is the Euclidean distance. The HCA with Ward's method of linkages with squared Euclidean distance as dissimilarity measure was applied to detect multivariate similarities and to group parameters into clusters based on their similarities. The Ward's method of linkage uses the minimum variance approach to evaluate distance between clusters ( Jain et al. ). The Ward's method with squared Euclidean distance as dissimilarity measure has been found to provide meaningful Dendrogram of clusters with the proximity or similarity of clusters measured with a rescaled distance. HCA has been successfully used in earlier studies for evaluation and interpretation of groundwater quality data set (Kumar & Riyazuddin ; Rani & Babu ) . In this study, HCA was performed with standardized data set to eliminate the effect of scale of measurement of data.
RESULTS AND DISCUSSION
Hydro-geochemistry of major ions 
In summer, the major facies
In post-monsoon, the order of median concentration of cations is Mg Figure 3 . The concentration of these parameters appears to be affected by several geochemical processes in the aquifer. The aquifer is recharged by monsoon rain each year. Freshening is a predominant process and during this period groundwater regains some of the previous year background conditions. Intrusion of Sea water can occur in summer under favourable hydraulic condition as the groundwater table lowers. Sea water intrusion and groundwater recharge from the land surface would be occurring in a cyclic manner due to change in seasons each year. 
Principal component analysis
In the post-monsoon data set, the KMO measure of sample adequacy is 0.727 and the significance level of Bartlett's test of sphericity is <0.001. In the summer data set, the KMO measure of sampling adequacy is 0.7 and the significance level of Bartlett's test of sphericity is <0.001. The results indicate that PCA can be performed on the two data sets. The PCA was performed on the standardized data set of eleven water quality parameters. In the post-monsoon data set, four factors were retained having Eigen values greater than unity and together they account for 73% of the variability of the data set. In the summer data set, four factors were retained having Eigen values greater than unity and together they account for 81% of the variability of the data set. The factor loadings obtained after varimax orthogonal rotation from the data set of post-monsoon and summer seasons are given in Tables 1 and 2 , respectively.
The factor loadings include both positive and negative loadings. Loadings close to ±1 indicate a strong correlation between a variable and the factor. Loadings higher than ±0.75 are considered strong correlation, loadings between ±0.5 and ±0.74 are considered moderately correlated and loadings approaching 0 indicate weak correlations (Liu et al. ) . Based on the significant factor loadings (greater than ±0.5), each factor is assigned a process which the significant variables are likely to be associated within the factor. The processes which have been interpreted from the factor loadings are also provided in Tables 1 and 2 . During post-monsoon season, Factor 1 is strongly loaded with TDS, SO 4 2À and Cl À which explains 26.9% of the variability in the data set. The process assigned to this factor is dilution of groundwater since the concentrations of chloride and sulphate are very much reduced due to recharge effect of rain water as compared to the concentration of these parameters in summer samples. Factor 2 explains 24.2% of the variability and is highly correlated with alkalinity, K þ , Na þ and Mg 2þ . The loading of Na þ is moderate and negative reflecting the reduction of Na þ concentration due to the recharge process. This factor is interpreted as mineral dissolution factor. K þ and Mg 2þ are released to groundwater due to dissolution of minerals bearing these ions during recharge of aquifer by rainfall. Factor 3 accounts for about 11.6% of the variance of the data set and includes Ca 2þ and NO 3 À which are moderately correlated to the factor. The sign for NO 3 À is negative suggesting that its concentration is reduced. Figures 4(a) and (b) .
In post-monsoon and summer data sets, each dendrogram has classified the eleven variables into four clusters. This classification is subjective and four groupings were obtained by moving the phenon line (vertical solid line in the dendrogram). The variables in four clusters correspond to significant variables in four factors in both post-monsoon and summer season data sets except small differences. The clusters are sensitive to extreme values in the data sets. The similarity of PCA factors and HCA clusters confirms the dominant processes suggested from PCA.
CONCLUSIONS
Groundwater quality parameters from the coastal aquifer beneath Puri city in Orissa State, India, analysed from samples collected during post-monsoon season (November 2006) and summer season (first week of June 2007) reveal variations in concentrations of major cations in two sampling seasons. The water quality data sets of parameters from post-monsoon and summer sampling were analysed using two different multivariate statistical techniques such as PCA and HCA to understand dominant processes affecting the water quality parameters. From PCA of the two standardized data sets, four factors were obtained from each data set with varimax rotation. The rotated factors allowed interpretation of different geochemical processes. Though exploratory in nature, PCA is found to be a powerful technique which reduced the two large data sets of (51 × 11) and (43 × 11) matrices into two matrices, each of (11 × 4), i.e., (variables × factors) size. The significant variables in the factors aided in the interpretation of geochemical processes occurring in the coastal aquifer. From postmonsoon data set, the processes inferred from four factors are dilution of groundwater, mineral dissolution, weathering with anthropogenic pollution, and organic matter degradation with Fe(III) reduction. The processes determined from four factors in summer data set are mixing of saline and fresh water with anthropogenic pollution, cation exchange, mineral precipitation, and organic matter degradation with Fe(III) reduction. From HCA with Ward's method, four grouping of variables (cluster) were classified from the dendrogram of each of the two season data sets. The variables in the clusters were identical to the variables from significant factor loadings of PCA factor groups. The processes suggested from PCA factors are confirmed by HCA clusters. The present study validated the usefulness of the PCA and HCA techniques to interpret complex seasonal geochemical processes in the coastal fresh water aquifer in two seasons. explained by cation exchange and precipitation process due to Sea water intrusion. The two processes namely organic matter degradation/Fe(III) reduction and anthropogenic pollution are suggested to be occurring in both post-monsoon and summer sampling seasons. The recharge of the aquifer during monsoon season and intrusion of Sea water during summer season occur on an annual basis. They also influence geochemical processes and groundwater quality parameters.
